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Monterey Bay is an upwelling region with high biological productivity in the 
California Coastal Current System. Several moorings, developed and maintained by the 
Monterey Bay Aquarium Research Institute (MBARI), have produced a long-term, high- 
quality time series oceanographic data set for the Monterey Bay. The data set has 
revealed a more comprehensive picture of physical-biological interaction on seasonal and 
interannual variability. 
To improve our understanding of how the marine ecosystem responds to physical 
forcing, especially upwelling, an open ocean ecosystem model was modified for the 
Monterey Bay upwelling region. The result was a nine-component ecosystem model of 
Monterey Bay, which produced simulated results comparable to the observations. The 
model included three nutrients (silicate, nitrate, and ammonia), two phytoplankton groups 
(small phytoplankton and diatoms), two zooplankton grazers (n~icrozooplankton and 
mesozooplankton), and two detrital pools (silicon and nitrogen). The observed upwelling 
velocity, nutrient concentrations at the base of the euphotic zone (40m), and solar 
radiation at the ocean surface were used to force the ecosystem model. 
Through model and data comparison, as well as sensitivity studies testing 
ecosystem parameters, the model was capable of detailing the seasonal cycle of nutrient 
dynamics and phytoplankton productivity, as well as interannual variability, including El 
Nifio Southern Oscillation (ENSO) impacts on biological productivity in the Monterey 
Bay. 
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Chapter 1 
INTRODUCTION 
Most of the seasonal upwelling that occurs along the Northeast Pacific Ocean 
margin is due to a combination of predominant northerly winds and offshore transport 
due to the Coriolis effect. This grouping of forces drives the upwelling system and is 
marked by nearshore surface waters migrating offshore with cold and deep, nutrient-rich, 
water rising to replace the surface water (Barber and Smith, 198 1 ; Chelton et al., 1982; 
Brink, 1983; Huyer, 1983; Brink et al., 1995, Smith, 1995; Summerhayes et al., 1995; 
McGowan et al., 1996). The upwelled coastal water, sometimes occurring in bands 
alongshore that measure tens of kilometers wide, is remarkably nutrient-rich and capable 
of sustaining a bountiful upwelling fishery (Abbot and Zion, 1985; Kelly, 1985; Strub et 
al., 1991). Interests in better understanding coastal upwelling have resulted in large-scale 
oceanographic studies of these regions. 
Monterey Bay is a region that has been the focus of oceanographic research for 
over three-quarters of a century. The bay has received ample scientific attention due to 
its unique open-ocean exposure sustaining higher biological productivity, large human 
population in the surrounding region, and complex bottom topography (steep submarine 
canyons measuring >1000m in depth). While research on coastal upwelling systems has 
been copious in the past, it has only been over the last decade that new technology has 
enabled consistent, long-term time series data to be collected (Hutchings et al., 1995; 
Olivieri and Chavez, 2000). The Monterey Bay Aquarium Research Institute (MBARI) 
led the way with new technology. In 1989 MBARI began to establish and maintain time 
series observations in the Monterey Bay that included biweekly cruises in addition to 
continuous data from multiple moored buoy "platforms" located around the bay (Chavez, 
1996; Chavez, 1997) (Figure 1 .I). 
After the implementation of the Monterey Bay observation program, scientists 
have been able to use the data in order to gain insight into how biological and chemical 
systems respond to physical processes, such as wind, current, light, and temperature. The 
resulting information has greatly influenced the scientific community by creating a surge 
of continued research in Monterey Bay, as well as complementary research in other 
upwelling systems around the world. 
Monterey Bay is a complex coastal environment. Upwelling occurs seasonally, 
driven by the Aleutian low-pressure system migrating northwest and the northwest high- 
pressure system shifting to the north in late winter. These atmospheric shifts are 
responsible for creating strengthened southward winds along the entire west coast of the 
United States (Strub et al. 1987a, b). As a result, Monterey Bay typically experiences 
high productivity during the spring and summer upwelling period when southward winds 
are prevalent, and low productivity during the non-upwelling winter season. Previous 
studies have characterized this pattern into three major oceanographic seasons: 1) 
"Upwelling," occurring during spring and summer, is characterized by increased 
northerly winds, southward surface flow, and episodic upwelling events; 2) "Oceanic," 
present from late summer through fall, is associated with continued southward surface 
flow, but with little to no wind driven upwelling events; and 3) The "Davidson" period, 
arising in the winter, is characterized by a northward surface flow without local 
upwelling (Skogsberg, 1936; Skogsberg and Phelps, 1946, Pennington and Chavez, 
2000). 
The goal of this thesis was to create an ecosystem dynamics model for the 
Monterey Bay upwelling system in order to understand how biological and chemical 
systems respond to physical forcing on seasonal and interannual timescales. The nine- 
component ecosystem was developed by using Systems Thinking in an Experimental 
Learning Lab with Animation (STELLA). STELLA, a powerful computer program used 
for creating models of dynamic systems and processes, utilizes building block icons to 
construct a dynamic web of components (Appendix A. 1 .). Multiple model sensitivity 
runs can be conducted by using STELLA, providing the freedom to explore numerous 
scenarios within the model. 
The model development and model experiments consisted of three main 
components. First, the seasonal cycle of nutrient dynamics and phytoplankton 
productivity was reconstructed in the model and compared with observations, and 
different physical forcing regimes were investigated. Second, a series of model 
sensitivity studies were conducted in order to gain insight into the model's internal 
dynamics. Third, the model ran over ten years (1990-2000) driven by observed 
upwelling velocities, subsurface nutrient concentrations, and surface light data in order to 
determine climate variability, such as El Niiio and La Nina, effects on the 
biogeochemical cycle of Monterey Bay. 
Ecosystem modeling approaches have been used widely in oceanographic 
research. A previous modeling study that has received much attention is the nitrogen- 
based, open-ocean ecosystem, model created by Fasham et a1 (1990). The model, 
referred to as the "FDM" model, consisted of seven compartments: phytoplankton, 
zooplankton, bacteria, nitrate, ammonium, dissolved organic nitrogen (DON), and 
detritus. Originally designed to simulate the seasonal cycle near Bermuda, it has hence 
been extended to simulate seasonal cycles in the North Atlantic, equatorial Pacific, and 
most recently Monterey Bay, California (Sarrniento et al., 1993; Toggweiler and Carson, 
1995; Olivieri and Chavez, 2000). 
Olivieri and Chavez (2000) adapted Fasham et al's (1990) FDM model in order to 
simulate the Monterey Bay coastal upwelling ecosystem. The result was a seven-box 
model, driven by upwelling velocity, photosynthetically active radiation (PAR), and 
changes in the mixed layer depth, that was capable of reproducing nitrate concentration, 
primary productivity, and phytoplankton biomass. 
Chai et a1 (2002) successfully created a one-dimensional ecosystem model for the 
equatorial Pacific upwelling system. The model consisted of ten components (nitrate, 
silicate, ammonium, small phytoplankton, diatoms, microzooplankton and meso- 
zooplankton, detrital nitrogen and silicon, and total COz) and was forced by area- 
averaged annual mean upwelling velocity and vertical diffusivity (mixing). The model 
was capable of reproducing the high nitrate, low chlorophyll, and low silicate (HNLCLS) 
conditions in the equatorial Pacific. 
Other scientists have developed and used similar models to study upwelling 
systems in the Monterey Bay and elsewhere. However, by adapting Chai et al's (2002) 
model design, this study has added more complexity to the seven-component ecosystem 
model by differentiating between two types of phytoplankton (small phytoplankton [less 
than 5pm in diameter, excluding diatoms] and diatoms) as well as two types of 
zooplankton (microzooplankton and mesozooplankton). The zooplankton classes were 
not differentiated by size, but by growth rate and feeding preference. These components 
will be further discussed in the model description section in chapter two. 
By only utilizing seven components, previous models have lacked not only the 
ability to add detail to the spring bloom dynamics, but also the capability to address 
different nutrient cycles (i.e., nitrogen vs. silicon) (Fasham et al., 1990; Olivieri and 
Chavez, 2000). With two additional components, this study, hereafter referred to as the 
nine-component model, provides further detail and insight into which primary producer 
contributes most significantly to a spring bloom, as well as to the seasonality of 
phytoplankton productivity. The nine-component model is also capable of determining 
which zooplankton group grazes the phytoplankton population and terminates the bloom. 
Another subjacent motivation for creating the ecosystem model using STELLA 
was to utilize a hands-on, non-language-programming modeling package to determine 
whether the nine-component model was capable of processing the highly complex marine 
dynamics of Monterey Bay. The benefits of using such a modeling package include 
reduced modeling time, more user-friendly design template, and most importantly, the 
introduction of modeling to non-programming scientists and the general public. 
(images modified from http://mbari.org/data/mapping/mapping.htm, h t t p : l l w w w . m b a r i . o ~ g / P m j e c ~ O O S ~  
Figure 1 .1  : Top- Bottom bathymetry image of Monterey Bay's submarine canyons. 
Bottom- An image of the M1 mooring platform in situ. 
Chapter 2 
METHODS 
The Model 
This thesis hybridized two previous modeling endeavors by incorporating the ten- 
component model framework adapted from Chai et al's (2002) equatorial Pacific 
upwelling model and Olivieri and Chavez's (2000) seven-component model of Monterey 
Bay, hereafter referred to as the O&C model (2000) (Figure 2.1,2.2). 
Chai et al's (2002) ten-component ecosystem model, originally developed for the 
equatorial Pacific, is capable of reproducing high nitrate, low chlorophyll, low silicate 
(KNLCLS) conditions. The adapted model used nine of the ten components, consisting 
of two forms of dissolved inorganic nitrogen: nitrate and ammonium (NO3 and NH4), 
detrital nitrogen and silicon (DN and DSi), dissolved silicic acid (silicate= (Si(OH)+), two 
sizes of phytoplankton: small phytoplankton cells (Sl) (< 5 pm in diameter) and diatoms 
(S2) (> 5 pm in diameter), and microzooplankton and mesozooplankton ( 2  1 and 22) 
(size classification broken down by growth rate and feeding preference). 
S 1 represents small phytoplankton (< 5 pm), whose biomass is primarily grazed 
down by microzooplankton (21). Most of Sl's daily net productivity is rernineralized 
(Chavez et al., 1991; Murray et al., 1994; Landry et al., 1997; Chai et al., 2002). S2 
represents larger phytoplankton (> 5 pm) strictly composed of diatoms. It is responsible 
for strong phytoplankton blooms and disproportionately contributes to sinking flux in the 
form of ungrazed production or large fecal pellets (Smetacek, 1985; Wefer, 1989; Peinert 
et al., 1989; Bidigare and Ondrusek, 1996; Chai et al., 2002). 
Z 1 represents microzooplankton and has a growth rate similar to S 1 and a grazing 
rate that is dependent upon its density (Landry et al., 1997). 22  represents a larger 
grazer, mesozooplankton, whose grazing preferences consist of S2 and detrital nitrogen 
(DN). 22 is also the primary predator of Z1. 22 zooplankton have defined feeding 
thresholds and complex grazing dynamics (Frost and Franzen, 1992). 
The detrital pool was divided between detrital nitrogen (DN) and detrital silicon 
(DSi), with detrital silicon (DSi) having a faster sinking rate than detrital nitrogen (DN) 
(Chai et al., 2002). 
Based on the compiled MBARI data set, the nine-component model was 
configured for the M1 mooring located in Monterey Bay at approximately 36.747"N, 
122.022" W (Figure 1.1). Because the model's nine components were averaged from 
surface to 40 meters depth at the M1 mooring, it is considered to be spatially zero- 
dimensional (often referred to as a "box-model"). 
The Eauations 
The nine-component model was divided into two main sections, physical and 
biological. The physics of the system relates to upwelling velocity and 
photosynthetically active radiation (PAR). The biology element represents all of the 
different sources and sinks from a specific biological compartment. All of the nine- 
component model equations take on the form: 
where N, represents the concentration of a specific compartment (For example, 
N, =NO3, N2= NH4, etc). 
The term PHYSICS(N,) represents the concentration change due to physical 
processes such as upwelling and advection. In the model, the physical terms only affect 
the nitrate and silicate compartments. For compartments other than nitrate and silicate, it 
is assumed that physical processes will not change the concentration of an individual 
compartment. 
The physical terms, PHYSICS(N,), for the nine-component model are: 
BN, - N, BN, - N, PHYSZCS(N, ) = w + 
H T 
advection mixing 
w = Upwelling velocity 
N, = Nutrient concentration in mixing layer (NI= NO3, N2= Si(0H)J 
BN, = Advected nutrient concentration (BNl= observed NO3 at 40m, BN2= observed Si(OH), at 
40m) 
H = Depth from surface to 40m below surface 
T = 30 days (amount of time it takes to recover from disturbance) 
The biological terms, BIOLOGY(N,), for the nine-component model are: 
BIOLOGY(N0,) = - NPSl - (NPS2 - RPS2) 
NO3 uptake by SI NO3 uptake by S2 
NPSl = NO3 uptake by small phytoplankton 
NPSZ = Si(OH)., uptake by diatoms ; 
RPSZ = N& uptake by diatoms 
Note: Nitrate is used by both small phytoplankton (Sl) and diatoms (S2). The total nitrogen 
requirement for diatoms are from two parts, N& and NO3. N b  uptake by diatoms, RPS2, is calculated 
directly (see equation 14). Assuming the Si:N uptake ratio by diatoms is 1: 1, then the rest of the nitrogen 
required by diatoms is from the nitrate pool, which is: NPS2-RPS2. NPS2 represents silicate uptake by 
diatoms ( see equation 13). 
BIOLOGY(Si(OH),) = - NPS2 + y, DSI 
Si(OH), uptake by S2 Si dissolution from DSI 
y, = 0.0 day" (biogenic silica dissolution rate) 
BIOLOGY(NH,) = - RPSl - RPS2 + reg, 21 + reg& 
NH, uptake by SI NH, uptake by S2 NH, regeneration 
RPSl = Regenerated production of small phytoplankton 
reg, = 0.22 day-' (microzooplankton excretion rate of ammonium) 
reg2 = 0.1 day-' (mesozooplankton excretion rate of ammonium) 
BZOLOGY(S1) = +(NPSl + RPSl) - GI - y4s12 
total production by SI grazing by ZI mortality 
y, = 1.5 day" (small phytoplankton specific mortality rate) 
BZOLOGY(S2) = +2 NPS2 - 2G2 - 2  ( ~ 1 ~ 2 )  - 2y3s2, 
H 
production by S2 grazing by 2 2  sinking mortality 
wl = 3.0 m day-' (diatom sinking speed) 
y3 = 0.085 day-' (diatom specific mortality rate) 
Note: all the source and sink terms are counted twice for diatom growth in order to reflect both 
nitrogen and silicon uptake by diatoms, silicon to nitrogen ratio is 1 :1 in diatoms (Brzezinski, 1985), the 
uptake silicon to nitrogen ratio by diatoms is also 1 (Leynaert et al., 2001). We do not allow silicon to 
nitrogen ratio in diatoms change in the current model. 
BZOLOGY(Z1) = + GI - G3 - reg, Zl  
grazing on SI predation by Z2 NH, reg. 
BZOLOGY(Z2) = +(G2 + G3 + G,) - (1 - yJG2 + G3 + G,) - reg2 2 2  - y2Z2' (8) 
grazing by Z2 detritus-N prod. NH, reg. Loss 
y, = 0.75 (mesozooplankton assimilation efficiency on Z1 and DN) 
Y 2  = 0.05 (mmol m") -' day" (mesozooplankton specific mortality rate) 
Note: the fecal pellet production of silicate by 22 equals to the grazing on diatoms by 22, which is 
G2, two terms cancel each other in the equation (8). In this sense, the 22 component just passes the silicate 
from the diatoms directly to the detritus-Si pool. G3 is predation term on 21 by 22. G4 is grazing term on 
DN by 22. 
BIOLOGY(DN) = +(I- y,)(G2 + G, + G4)  
- G4 - 
( W ,  DN) + ~ , s 2 ~  
H (9) 
detritus-N prod. grazing by 22 sinking S2 mortality 
w2 = 10.0 m day-' (detritus nitrogen sinking speed) 
BIOLOGY(DSI) = +G, - - y5 DSI + ~ , s 2 ~  ( 1 0 )(w,  DSI) 
H 
detritus-Si prod. Sinking Si dissolution S2 mortality 
w3 = 2.0 * w2 = 20.0 m day-' (detritus silicon sinking speed) 
Growth (NPS 1 ,  RPS 1, NPS2, and RPS2) and grazing (GI, G2, G3, and Gq) 
functions are expressed next along with the values for each parameters used in the 
calculations. NPS 1 is the nitrate uptake rate by small phytoplankton: 
NO3 uptake by S1 = NO3 regulation NH, inhibition light regulation 
pl,, = 2.8 day-' (maximum specific, growth rate o f  small phytoplankton) 
= 5.6 (mmol m") -' (ammonium inhibition parameter) 
KNO3 = 0.75 mmol m" (half-saturation for nitrate uptake by S1) 
a = 0.033 (W m-2)-' day-' (initial slope o f  P-I curve) 
I is the irradiance, and is derived from 2 years (late 1998-early 2000) of MBARI 
daily averaged PAR ( ~ m - 4  values. I is depth averaged down to the bottom of the 
euphotic zone (40m). A ten-day running average was then applied to the time series. 
The resulting time series was then averaged into a one-year time series. 
RPSl is the ammonium uptake rate by small phytoplankton: 
NH, uptake by S l  = NH, regulation light regulation 
KNH4 = 0.5 mmol m" (half-saturation for ammonium uptake by S1) 
NPS2 is the silicate uptake rate by diatoms: 
Si(OH), uptake by S2 = Si(OH), regulation light regulation 
@,, = 1.5 day" (maximum specific growth rate of diatoms) 
Ksilo~),  = 4.0 mmol m-3 (half-saturation for silicate uptake by S2) 
RPS2 is the ammonium uptake rate by diatoms: 
NH, uptake by S2 = NH, regulation light regulation 
K ~ ~ - ~ ~ ,  = 0.5 mmol m-3 (half-saturation for ammonium uptake by diatoms) 
GI is the microzooplankton grazing rate on small phytoplankton: 
food limitation 
Gl,., = 1.0 day-' (microzooplankton maximum growth rate) 
K 1 ,  = 0.75 mmol mS3 (half-saturation for microzooplankton ingestion) 
G2, G3, and G4 are the mesozooplankton grazing rates on diatoms, microzooplankton, and 
detrital nitrogen, respectively: 
G2- = 0.45 day-' (mesozooplankton maximum growth rate) 
K2, = 1.0 rnmol m'3 (half-saturation for mesozooplankton ingestion) 
where C,, Cz and C3 are the preferences for a given food type, and defined as following: 
All parameters used in the standard experiment are presented in Table 2.1. 
The Data 
All seasonal cycle data used in the model was collected from the website and 
archives of MBARI (http://www.mbari.org/bog/NOPP/data.htm). Interannual data also 
.- - --, 
Table 2.1 : Model Parameters. 
I Parameters Symbol 9-comp. Chai et al. Unit value value 
Light attenuation due to water 
Light attenuation by phytoplankton 
Initial slope of P-I curve 
Maximum specific growth rate of small 
phytoplankton 
Maximum specific diatom growth rate 
Ammonium inhibition parameter 
Half-saturation for nitrate uptake 
Half-saturation for ammonium uptake by 
small phytoplankton 
Half-saturation for silicate uptake 
Half-saturation for ammonium uptake by 
diatoms 
Half-saturation for microzooplankton 
ingestion 
Half-saturation for mesozooplankton 
ingestion 
Depth from surface to base of thermocline 
Microzooplankton excretion rate to 
ammonium 
Mesozooplankton excretion rate to 
ammonium 
Microzooplankton maximum grazing rate 
Mesozooplankton maximum grazing rate 
Mesozooplankton assimilation efficiency 
Mesozooplankton specific mortality rate 
Diatom specific mortality rate 
Small phytoplankton specific mortality rate 
Biogenic silica dissolution rate 
Grazing preference for diatoms 
Grazing preference for microzooplankton 
Grazing preference for detritus 
Diatoms sinking speed 
Detrital N sinking speed 
m" (mmol mS3)-' 
day-' (W m-2)-1 
day-' 
daym1 
(mmol ma)" 
mmol m" 
mmol m" 
mmol m" 
mmol m" 
mmol m" 
mmol m" 
m 
day-' 
day-' 
day-' 
day" 
day-' 
day-' 
day-' 
day" 
m day-' 
m day" 
20 20 m day-' l~etrital Si sinking speed w3 
(modified from Chai et al., 2002) 
Figure 2.1 : A schematic diagram of the upper-ocean physical-biogeochemical model. A 
white line indicates the flow of nitrogen, while a red line indicates the flow of silicon. 
Ammonium r - l  Physics 
DON + Nitrate 
/ 
Figure 2.2: Olivieri and Chavez's (2000) seven-box model of the planktonic food web 
used to represent the Monterey Bay ecosystem. 
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Figure 2.3: Monterey Bay observed biweekly seasonal nitrate and silicate values at 40m. 
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Figure 2.4: Observed, ten-day smoothed, seasonal upwelling velocities and 
photosynthetically active radiation (PAR) values fiom a twelve-year average fiom 
Monterey Bay. 
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Figure 2.5: Sea surface temperature of the Monterey Bay region during the upwelling 
season of 1995. 
Chapter 3 
SEASONAL CYCLE AND SENSITIVITY STUDIES 
Model Evolution 
The model, developed originally for the equatorial Pacific upwelling system, was 
not initially suitable for the Monterey Bay region. As a result, several parameters in the 
model needed to be adjusted for the Monterey Bay environment. Some model equations, 
including diatom mortality, were also not adjusted for the Monterey Bay. Using 
sensitivity studies incrementally, each of these factors was honed to reflect an accurate 
simulation bounded by measured values. 
Modifications to the nine-component model included adjusting the growth rates, 
half-saturation concentrations of nutrient uptake, and zooplankton food preferences. 
Some of the larger modifications were the nutrient advection and mixing terms, and the 
three mortality terms. 
The nutrient advection term was upwelling velocity multiplied by a nutrient 
concentration at 40 meters depth. In order to maintain conservation of water mass, 
upwelled water exits from the compartment with lower nutrient concentrations than when 
it entered (see advection term in equation 1B). The second modification was to adapt a 
mixing term with a relaxation time (T) of 30 days, which represents nutrient mixing 
processes between the top of the compartment and the water below (0-40m depth) (see 
mixing term in equation 1B). The result was a more stable model that produced very 
accurate simulation values. 
The mortality terms, which were initially simply based upon linear or second- 
order loss terms, were modified into quadratic and, in the case of the diatom mortality 
function, quartic functions (equations 5,9,10). These adaptations removed high- 
frequency oscillations that plagued early results and further aided the stability and 
accuracy of the nine-component model (Table 3.1). 
Nitrate, Ammonium. and Silicate 
In the nine-component model, the two forms of nitrogen that S l  and S2 procured 
were nitrate (NO3) and ammonium (Nh). N h  and NO3 were used primarily based upon 
availability and phytoplankton preference. Both NH4 and NH4 -uptake maintained high 
values in the winter and low in the summer, while NO3 and NO3-uptake were greatest in 
the summer and dwindled in the winter months. Both NH4 and NO3 concentrations and 
utilization pattern match with the seasonal upwelling regimes of Monterey Bay 
(Pennington and Chavez, 2000). N&, recycled from zooplankton excretion, was 
primarily utilized during the winter months, representing regenerated production, while 
NO3 values were particularly low due to lack of upwelling in the winter. During the 
spring and summer upwelling months, however, NO3 concentration was high and, hence, 
saturated phytoplankton uptake of NO3. 
The modeled NO3 values compared well with observed values throughout the 
entire year (Table 3.2). Maximum values were over 14 mmol m" and occurred in late 
June (Figure 3. la). In contrast, NH4 values were at a maximum in the winter months 
(Davidson period) with values around 0.5 mmol m". While this NH4 value compared 
well with O&C's modeled results, the annual mean value for both models was 
considerably lower than the observed values (Table 3.2). The primary reasons for this 
inconsistency are the fact that ammonium turnover time is short, the regeneration of 
ammonium is a very difficult process' to study, and there are very few observed data sets 
with which to compare the modeled results. 
In addition to nitrogen requirements, diatoms uptake silicate (Si(OH)4) in order to 
construct their siliceous frustules (cell walls). Modeled concentrations of Si(OH)4, while 
slightly lower throughout the season, compared well with observed values. The overall 
seasonal mean was within range of the observed value (Figure 3.1 b) (Table 3.1). The 
maximum value of Si(OH)4, reached in late June, was 22 rnmol m". Similar to nitrate 
concentration, silicate concentration values were lowest during the Davidson period. The 
nitrate and silicate concentrations and their seasonality were directly linked to the 
changes of upwelling velocities. Without upwelling, the nutrient-rich, bottom water 
would never reach the surface. The nutrient levels were at a minimum during the 
Davidson period due to a lack of upwelling during the winter. It was not until the 
upwelling favorable seasons of spring and summer that advective processes brought the 
deep, nutrient replete, coastal California waters to the surface. Due to the overwhelming 
supply of nutrients, phytoplankton growth was saturated with excessive nutrients, 
therefore, the upwelled nutrients ended up increasing the concentrations in the surface. 
Primary Production, Phvto~lankton, Chloro~hvll. and f-ratio 
Observed primary productivity (PP) minimum and maximum values followed the 
-2 -1 same seasonal pattern as the nutrients, with a winter minimum of 0.5 g C m d and a 
-2 1 late spring, early summer maximum exceeding 2.5 g C m d- (Figure 3.2b). 
The modeled annual mean PP model values were extremely similar to the mean 
observed PP values from mooring M 1, as well as to the O&C annual averaged PP model 
estimates (Table 3.1). PP was calculated based upon the uptake rate of nitrate and 
ammonium by S1 and uptake of silicate by S2. A conversion factor was used in the 
calculation of PP; this conversion includes the depth-average from the surface down to 
40m, the Redfield ratio of C:N (6.625), and a mo1:gC conversion factor (12). Primary 
production, including the conversion factor, were calculated using the following 
equation, 
PP = 40 * 6.625 * 12( NPS 1 + RPS 1 + NPS2) (20) 
Because diatoms take up nitrate and silicate in a 1 : 1 ratio, NPS2 was used in the 
equation to represent total nitrogen uptake by diatoms. 
The modeled annual primary production had slightly lower values before and 
-2 -1 after the upwelling season. Winter values were approximately 0.5 g C m d , dropping 
slightly between year days (YD) 1 and 20, and then rapidly increasing with the onset of 
-2 1 upwelling intensification and light increase. PP reached a maximum of 2.45 g C m d- 
during the peak of the upwelling season in May and June. Following the decrease in 
upwelling values, PP began to taper off in August, the beginning of the "oceanic" period 
(Figure 3.2b). 
The annual mean of phytoplankton biomass was 1.26 mrnol N m", and compared 
well with the observed value of 1.64 mmol N m-3. It should be noted that the chlorophyll 
a: C conversion is widely variable, rdnging from .O1 to .1 (Geider et al., 1997; Taylor et 
al., 1997). Based upon the environment of Monterey Bay, a mass ratio of .02, or 150, 
was used in the conversion of the observed value from mg Chl a to mmol N (equation 
21). 
Observed chlorophyll (Chl) values were retrieved directly from the MBARI 
website and a 40111 depth average was applied to the retrieved data. Observed Chl values, 
again following the seasonal trend, reached a winter minimum of 0.75 mg m" and a late 
spring, early summer maximum of 3.0 mg m-3 (Figure 3.2a). 
The modeled Chl values were derived from combined phytoplankton (P= Sl+S2) 
values of small phytoplankton and diatoms, in nitrogen unit, using a grarn-chlorophyll to 
mole-nitrogen ratio of 1.59. This ratio corresponds to a chlorophyll-to-carbon mass ratio 
of 150  and a C:N ratio of 6.625. Carbon has an atomic mass of 12, hence making the 
conversion equation, 
6.625 * 12 Chl = P ( 50 ) , or simplified, Chl = P (1.59) 
The nine-component model produced a Chl level of 1.36 mg m-) at the beginning 
of the year. These values quickly increased following the onset of the upwelling season 
and increase of light to values around 2.5 mg m'3, and stayed at relatively high values 
until the beginning of the "oceanic" period, in August, when it began, once again, to taper 
back to its winter values (Figure 3.2a). 
The nine-component model is also capable of differentiating between "new" and 
"regenerated" production (Dugdale and Goering, 1967). New production (N,) is 
comprised of small phytoplankton uptake of nitrate (NPS 1) and diatom uptake of nitrate, 
while regenerated production (Nr) is calculated as ammonium uptake by both 
phytoplankton groups. Thef-ratio is defined as the ratio of new to total production and 
can be written, 
f - ratio = Nn 
Nn + Nr 
The calculated value is in the range between zero (all regenerated production) and 
one (all new production), depicting relative amounts of new (NO3) and regenerated p H 4 )  
nutrients (Eppley and Peterson, 1979). Modeled N, uptake was low to moderate and 
relatively constant for the duration of the year. N, increased as a function of upwelling, 
with maximumf-ratio values of .81 in March and April (Figure 3.3). The new production 
increased with the onset of the upwelling period as nutrients were brought up from the 
nutrient replete bottom waters. New production was also boosted during the spring and 
summer seasons due to increased light levels in the f o m  of enhanced availability of light 
and longer days, which in turn augmented phytoplankton photosynthetic processes. 
Zoodankton Biomass and Grazing 
The nine-component modeled zooplankton biomass was around 0.55 mmol N m-3 
in the winter, increasing as phytoplankton biomass production increased until reaching 
stable values of approximately 1.3 mmol N m-3. 
Olivieri and Chavez (2000) discussed experiments carried out by Silver and 
Davoll(1975, 1976, 1977) for which zooplankton samples were collected at a station a 
few kilometers north of the mooring platform Ml. The Silver and Davoll(1975, 1976, 
1977) zooplankton biomass values were initially recorded in displacement volumes (ml 
1000 m") and converted by Olivieri and Chavez (2000) to mmol N m". The values 
calculated in this model study were approximately half those of Olivieri and Chavez's 
(2000), but within range of Monterey Bay observed zooplankton values (Table 3.2). 
However, it must be mentioned again that due to the lack of studies in zooplankton 
dynamics in this region there are uncertainties associated with the conversions used. 
Nine-component modeled zooplankton had an annual mean grazing rate of 0.18 
mmol N mm3 d-I. This value was less than half that of the O&C model, 0.50 rnmol N m'3 
d-I, but between the two observed values of 0.48 mmol N m'3 d" from the Peru upwelling 
system (Dagg et al., 1980) and 0.1 1 mmol N m-3 d" ftom the Benguela Current (Stuart, 
1986). It is difficult, however, to compare zooplankton grazing rates between the two 
models because the nine-component model's grazers subsisted on small phytoplankton, 
diatoms, and detritus, while the O&C model dealt with only one size-class for 
phytoplankton, bacteria, and detritus. 
Seasonal Cvcle and Sensitivitv Studies 
Utilizing one set of parameters in the model, as outlined in the methods section 
and Table 2.1, the seasonal cycle produced by the model is defined as the "control" run. 
This control run provides a basis for comparison for a series of sensitivity analyses. 
Along with the nine-component model's four forcing mechanisms, light (PAR), 
upwelling velocity, and two nutrient values (NO3 and Si(OH)4), the model is comprised 
of 25 parameters. Six sensitivity studies were performed trying to understand the factors 
controlling the seasonal cycle, each with an independent parameter modification. All 
concentration values used for the sensitivity studies were based upon averaged spring 
bloom values for May. A detailed list and description of the studies can be referenced in 
Table 3.3. 
Sensitivity study one was performed by consecutively substituting annual mean 
upwelling and PAR values for the model in order to test different forcing mechanisms. 
By combining upwelling velocity with nitrate and silicate concentrations, a single forcing 
term, "nutrient flux," was created ((NO3 + Si(OH)4 )* Upwelling). The study consisted 
of four comparison runs: a control, annual mean nutrient flux (i.e, nitrate and silicate 
upwelling flux are constant throughout the year), annual mean PAR (i.e., light is constant 
for the entire year), and a combination of annual mean nutrient flux and annual mean 
PAR (both nutrient fluxes and light are constant for the entire year) (Table 3.3) (Figures 
3.4,3.5). 
Both nutrient terms responded similarly to the annual mean nutrient flux 
substitution. As expected, NO3 and Si(OH)4 values became much higher during the 
winter (approximately 9 and 14 mmol m-3 for nitrate and silicate, respectively), and lower 
during the spring and summer (approximately 5 and 1 1 rnrnol m')) (Table 3.1) (Figure 
3.4). Because the annual mean nutrient flux during winter was greater than the control 
values, there was greater nutrient input. In the summer, however, upwelling and nutrient 
values were lower than the control values. Diminishing seasonal variability in the 
nutrient flux resulted in reducing sedonal variability of the modeled nutrient 
concentrations. This suggests that the seasonal upwelling, along with the subsurface 
nutrient concentrations, controls surface nutrient concentrations in the Monterey Bay. 
Using annual mean PAR, nutrient concentrations were slightly higher than the 
control runs during the spring and summer, and lower during the winter because 
increased light levels allow phytoplankton to photosynthesize and draw down the 
nutrients during the winter. The last study tested on the forcing mechanisms, a 
combination of annual mean nutrient flux and PAR, was conducted in order to confirm 
that the entire model would, in essence, "turn off' and remain constant if all driving 
forces were set to the annual mean values. The nutrient concentrations responded 
appropriately and remained constant throughout the season. 
Stabilizing the driving forces created the same constant result for both chlorophyll 
and primary productivity (Table 3.1) (Figure 3.5). For the sensitivity study of annual 
mean nutrient flux, however, there was little variation fiom the constant value for either 
Chl or PP. Because the annual mean nutrient flux still provided enough nutrients, it did 
not affect phytoplankton productivity or modeled chlorophyll values significantly. On 
the other hand, in the case of annual mean PAR, both terms produced higher-than- 
average values in winter (1.5 mg m-) and .75 g C m" d-', respectively) and lower-than- 
average in the spring and summer (2.2 mg m-3 and 1.4 g C m') d-'). Because stabilizing 
nutrient flux created little difference, while stabilizing PAR yielded large modifications 
in Chl and PP levels, one conclusion was that the phytoplankton productivity in the 
Monterey Bay might be light regulated. Further corroboration that the environment was 
light regulated can be seen in Table 3.1. Lower percent of both PP and Chl as compared 
to the base run, 33% and 23%, respedtively, indicated that the seasonal variability of PP 
and Chl was indeed primarily light regulated. 
Aside from testing different physical forcing mechanisms, a series of sensitivity 
studies was conducted by changing several key parameters in the model. Study two (the 
first parameter study) tested the effect of mesozooplankton grazing by varying the 
maximum grazing rate. It has been established for over a half a century that zooplankton 
grazing can control phytoplankton abundance (Riley, 1946, 1947; Chai et al., 1996). One 
model parameter that affects the zooplankton grazing efficiency is G2,,, 
(mesozooplankton maximum grazing rate, equation 16). G2,,, values were changed from 
0.35-0.95 day-' by increments of 0.05 day-'up to 0.55 day", after which the increment 
was 0.1 day". The control used the value of 0.45 day". By increasing the G2, both 
NO3 and Si(OH)4 slightly increased over the study period. In contrast, the diatom 
population, and primary production, plummeted (Figure 3.6a, b). The small 
phytoplankton population showed signs of a slow increase, attributed to the decrease in 
microzooplankton grazing pressure (Figure 3.6~). However, the PP values dropped 
significantly, due to the reduction of diatoms (Figure 3.6b). The mesozooplankton 
population increased sharply, following the increase in G2,,, but then reached a 
maximum and started a descent as its population began to outweigh its resources, mainly 
diatoms. 
Study three, similar to study two, involved varying the microzooplankton 
maximum gazing rate. Chai et al. (1 999 and 2002) documented and discussed the 
importance of zooplankton grazing in an equatorial ecosystem model. As the 
mesozooplankton sensitivity study showed, the importance of zooplankton grazing is also 
applicable to central California upwelling system. Another important grazing parameter 
that can be tested in the model is Gl,, (microzooplankton maximum grazing rate). 
Gl , was changed from 0.9-2.25 day-', with values of O.9,0.95 1 .O, 1.1 5, 1.25 day-', and 
henceforth up to 2.25 day" by increments of 0.25 day-'. The value in the control run was 
1.0 day-'. As would be expected, there was insignificant variation in the modeled silicate 
concentration because microzooplankton biomass does not link directly with diatoms 
growth. Nitrate concentration increased slightly due to the decrease of small 
phytoplankton (Figure 3.7d). Small phytoplankton biomass was significantly depressed 
as microzooplankton grazing pressure increased (Figure 3.7~). The microzooplankton 
population, however, appeared to be controlled by a mirrored mesozooplankton 
population increase. The mesozooplankton increase also explains how the small 
phytoplankton population continued to decrease despite only a slight increase in 
microzooplankton grazing (Figure 3.7b). Diatoms were fractionally reduced due to the 
steady increase of the mesozooplankton population (Figure 3.7a). The variation of Gl,, 
was responsible for only slightly decreasing primary productivity because diatoms 
contribute a large percentage of total phytoplankton production. 
The fourth study tested the value of KSi(OHy (half-saturation for silicate uptake by 
diatoms) in order to investigate silicon dynamics. KSi(OHy was changed from 0.5-14 
mmol m". The first and second values were 0.5 and 1.0 mrnol m-3, respectively. From 
this point on, the values increased from 2.0-14 rnrnol m-3 by an increment of 2.0 mmol m- 
for each experiment. The silicate uptake half-saturation term showed to be a sensitive 
parameter in the silicon cycle. Upon increasing the KS~(~HM,  the silicate concentration 
showed a relatively consistent increase, while diatoms showed a steady and significant 
population decrease (Figure 3.8a, d). ' KSi(0HM controls the diatom growth rate. By 
increasing KSi(OH)4, diatoms would grow slower and require more silicon, therefore 
resulting in higher silicate concentrations and lower diatom biomass. Even though the 
nitrate equivalent value, KNO3, was not modified, nitrate concentration did show a slight, 
yet steady increase. This increase is an important example of how the nine-component 
model system is interconnected. The decrease in the diatom population affected a 
parallel decrease in the mesozooplankton population, because diatoms are the main diet 
source for mesozooplankton. In turn, the mesozooplankton population reduction allowed 
the microzooplankton population to grow and thereby increased grazing pressure upon 
the small phytoplankton population. The decrease in small phytoplankton resulted in the 
increase of the nitrate concentration. Because both diatoms and small phytoplankton 
populations were reduced significantly, primary productivity ebbed as well. 
Taking advantage of the nine-component model's capability to distinguish 
between nitrate and ammonium as two separate nitrogen sources, new and regenerated 
production, the fifth study tested the effect of ammonium inhibition, (ammonium 
inhibition parameter) in the nine-component model. The ammonium inhibition parameter 
is particularly important to the nine-component model since small phytoplankton 
preferentially use ammonium over nitrate (Dortch, 1990). The greater the ammonium 
inhibition parameter, the more the small phytoplankton will preferentially use ammonium 
over nitrate. In order to determine the sensitivity of the ammonium inhibition parameter, 
w was varied from 0.7-12.6 (mmol m-3)-1. The first increment of variation was 0.7 (mmol 
m'3)-1, while the rest, from 1.4-12.6 (mmol m-))-', were varied by increments of 1.4 
(mmol m")-'. Nitrate values responded positively to the increase in w value. With higher 
w values, small phytoplankton take up less nitrate, resulting in the increase of nitrate 
concentration. However, the response was not nearly as dramatic as the results found in 
Chai et al. (2002). This is primarily due to the fact that the Monterey Bay upwelling 
system with high nitrate concentration, compared to the lower nitrate concentration of the 
equatorial upwelling system, is less sensitive to ammonium inhibition. The small 
phytoplankton population decreased steadily except for a slight increase when the 
microzooplankton population crashed at approximately 8.4 (mmol rn")- '(~i~ure 3.9~). 
The mesozooplankton population remained relatively steady but began increasing shortly 
after the microzooplankton population collapse (Figure 3.9a). After the demise of the 
microzooplankton population, mesozooplankton subsisted strictly upon diatoms, its 
preferred foodsource, and to a lesser extent, detritus. Even after the microzooplankton's 
collapse, the small phytoplankton population began to diminish as well, owing to the 
effect of the ammonium inhibition parameter. Diatoms and silicate remained quite stable 
throughout the entire experiment, while PP slightly decreased (Figure 3.9a, c, b). 
The sixth, and final, sensitivity study, examined a (initial slope of P-I curve) for 
silicate uptake by diatoms (NPS2) only. a for small phytoplankton uptake (NPSI) is 
unaltered. When a was changed fiom 0.01 3 to 0.053 (W m-2) " day-', by an increment of 
0.005 (W m-2)-' day". The small phytoplankton population initially remained constant as 
the diatom population increased. Upon a reaching a value of 0.033 (W m-2)-' day-', both 
phytoplankton populations began to increase steadily (Figure 3.1 Oa, c). 
Microzooplankton's decrease throughout the study eased the grazing pressure upon the 
small phytoplankton, and thus allowed them to increase. The mesozooplankton biomass, 
which initially increased, began to level off towards higher a values. The 
mesozooplankton grazing pressure remained relatively low and constant throughout the 
test (Figure 3.1 Ob). It was the PP values that steeply increased throughout the study, 
proving that both small phytoplankton and diatoms were prolific while the secondary 
producers remained relatively unproductive. Higher phytoplankton biomass reduced both 
nitrate and silicate concentration (Figure 3.1 Od). 
Table 3.1 : Comparison of different nine-component model runs. 
Comparison Field Nitrate (mmolm") Silicate (mmolm") PP (e~m-2d-') Chl (rngm") 
Base Run (Control) 
Amplitude (Max-Min) 1 1.30 (14.77-3.47) 15.81 (21.95-6.14) 1.91 (2.48-.29) 2.19 (2.66-.97) 
% of Base Run 100 100 100 100 
Annual Mean Nutrient Flux 
Amplitude (Max-Min) 2.90 (8.72-5.82) 3.72 (14.37-10.65) 1.75 (2.1 3-.38) 1.43 (2.54-1 .I 1) 
23.53 91.62 65.30 % of Base Run 25.66 
Annual Mean PAR 
Amplitude (Max-Min) 12.83 ( 
% of Base Run 1 13.54 
Annual Mean N.Flux & PAR 
Amplitude (Max-Min) 0 (7.47-7.47) 0 (12.38-12.38) 0 (1.24-1.24) 0 (2.04-2.04) 
% of Base Run 0 0 0 0 
Table 3.2: Annual mean values for the nine-component model, O&C (2000) model, and 
observed values from Monterey Bay. 
Name Units Model Observed O&C Model O&C Observed 
Phytoplankton mmol N m" 1.26 1.64' 
Zooplankton mmol N m" 0.95 0.56~ 
Nitrate mmol N m" 7.54 9.22' 
Ammonium mmol N m" 0.14 0.49~ 
Silicate mmol N m" 12.72 15.82' 
Detritus mmol N m" 1.18 -- 
Primary Production g C me2 d-' 1.31 1.30' 
Chlorophyll mg m-2 2.00 1.84' 
Phytoplankton nitrate uptake mmol NO3 m" d-' 0.19 -- 
Phytoplankton silicate uptake mmol Si(OH)4 m" d-' 0.31 -- 
Phytoplankton ammonium uptake mmol NH4 m" d-' 0.1 1 -- 
Zooplankton grazing phytoplankton mmol N m" d-' 0.18 -- 
' Mean value from Monterey Bay stations H3 and Mooring M 1 and mmol N:mg:Chl a ratio of 1.59 (eqn. 
21 ) (modified from Eppley et al., 1992) 
" Mean value from Monterey Bay stations H3 and Mooring MI and mmol N:mg:Chl a ratio of 1 (Eppley et 
al.. 1992) 
Acoustic estimated mean biomass for Monterey Bay (Chavez, unpublished) 
' 40m weighted mean value from Monterey Bay mooring MI (http://www.mbari.org/bog/NOPP/data.htm) 
Mean value from Monterey Bay stations H3 and mooring MI 
' Mean integrated value from Monterey Bay mooring MI (http://www.mbari.org/bog/NOPP/data.htm) 
' '% uptakes and Model (Kudela and Chavez, 2000) 
I% uptakes from Monterey Bay (Kudela and Dugdale, 2000) 
From zooplankton mean biomass estimated with acoustics (Chavez unpublished) and a maximum 
consumption/biomass ratio of .86 d-' for small copepods calculated from values for Peru upwelling system 
(Dagg et al., 1980) 
i From moplankton mean biomass estimated with acoustics (Chavez unpublished) and a maximum 
consumption/biomass ratio of .2 d-' for euphausiids calculated of the Benguela Current (Stuart, 1986) 
Table 3.3: Sensitivity study test list and descriptions. 
Test Number Parameter Range F i~ure  Reference 
1 Annual mean nutrient fluzdPAR nla 3.4,3.5 
2 G2,, (Mesozooplankton maximum grazing rate) .35-.95 3.6 
3 G 1 , (Microzooplankton maximum grazing rate) .90-2.25 3.7 
4 KSi(Ow (Half-saturation for silicate uptake) .5-14 3.8 
5 w (Ammonium inhibition parameter) .7-12.6 3.9 
6 a (Initial slope of P-I curve) .013-.053 3.10 
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Figure 3.1 : Seasonal Monterey Bay model results versus observed values of nitrate and 
silicate. Nitrate and silicate are the two nutrients that are the driving mechanism behind 
the nine-component model. 
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Figure 3.2: Chlorophyll and primary productivity modeled seasonal results as compared 
to observed Monterey Bay values. 
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Figure 3.3: Annual cycle off-ratio (ratio of new to total production) from the nine- 
component model. The dashed red line represents the division between new production 
(above 0.5) and regenerated production (below 0.5). 
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Figure 3.4: Sensitivity study runs of the seasonal model for nitrate and silicate. Each 
figure shows a control run ( dark blue), a run with constant nutrient flux (green), a run 
with constant PAR (light blue), and a run where both nutrient flux and PAR are held 
constant throughout the season (red). 
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Figure 3.5: Sensitivity study runs of the seasonal model for chlorophyll and primary 
productivity. Each figure shows a control run ( dark blue), a run with constant nutrient 
flux (green), a run with constant PAR (light blue), and a run where both nutrient flux and 
PAR are held constant throughout the season (red). 
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Figure 3.6: Response of several model components to changes in the parameter G2,  
(mesozooplankton maximum grazing rate). a) Mesozooplankton and Diatoms, b) 
Primary Productivity and Mesozooplankton grazing, c) Microzooplankton and Small 
Phytoplankton, d) Silicate and Nitrate. The control of the sensitivity study is indicated by 
a reverse colored diamond. 
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Figure 3.7: Response of several model components to changes in the parameter GI, 
(microzooplankton maximum grazing rate). a) Mesozooplankton and Diatoms, b) 
Primary Productivity and Microzooplankton grazing, c) Microzooplankton and Small 
Phytoplankton, d) Silicate and Nitrate. The control of the sensitivity study is indicated by 
a reverse colored diamond. 
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Figure 3.8: Response of several model components to changes in the parameter Ks~(oH)~ 
(half-saturation for silicate uptake). a) Mesozooplankton and Diatoms, b) Primary 
Productivity and Mesozooplankton grazing, c) Microzooplankton and Small 
Phytoplankton, d) Silicate and Nitrate. The control of the sensitivity study is indicated by 
a reverse colored diamond. 
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Figure 3.9: Response of several model components to changes in the parameter 
(ammonium inhibition parameter). a) Mesozooplankton and Diatoms, b) Primary 
Productivity and Mesozooplankton grazing, c) Microzooplankton and Small 
Phytoplankton, d) Silicate and Nitrate. The control of the sensitivity study is indicated by 
a reverse colored diamond. 
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Figure 3.10: Response of several model components to changes in the parameter a 
(initial slope of P-I curve). a) Mesozooplankton and Diatoms, b) Primary Productivity 
and Mesozooplankton grazing, c) Microzooplankton and Small Phytoplankton, d) Silicate 
and Nitrate. The control of the sensitivity study is indicated by a reverse colored 
diamond. 
Chapter 4 
INTERANNUAL VARIABILITY 
Interannual Variabilitv in the Monterev Bay Region 
After reproducing the seasonal cycle of nutrient dynamics and biological 
productivity in the Monterey Bay, the next step was to modifjr the seasonal model in 
order to simulate interannual variability. In order to simulate the response of 
biogeochemical cycle to the interannual physical variation in Monterey Bay, the seasonal 
forcing used in the previous study was modified from a repeating one-year loop to 
continuous observed data for over a decade, from 1990 to 2000. The goal of the 
interannual variability study was to use the model to investigate how nutrient dynamics 
and phytoplankton productivity respond to El Niiio and La Niiia events in the Monterey 
Bay. 
El Niiio Southern Oscillation (ENSO) is a coupled ocean-atmosphere 
phenomenon that refers to a "seesaw" movement in both surface air pressure and the 
oceanic thermocline across the Pacific Ocean basin. However, these events are not 
limited only to the equatorial Pacific. They are believed to influence the entire global 
climate. While the determination of a precise cause is still subject to theory, scientists do 
agree that coastal California has a direct "teleconnection" to the equatorial ENS0 events 
(Chavez, 1996; Kudela and Chavez, 2000). 
Some investigators attribute effects of ENS0 in California to an expansion of the 
Aleutian Low, a low-pressure center located near the Aleutian Islands, representing one 
of the main centers of activity in the atmospheric circulation of the Northern Hemisphere 
(Simpson, 1984). Others argue that oceanic Kelvin waves which are associated with 
density fluctuations inside the ocean, generated by strong westerly bursts of wind over 
warmer than normal Pacific ocean waters, are strongly linked to atmospheric events in 
the western Pacific (Chavez, 1996). ' 
It has been noted that Kelvin waves are capable of depressing the thermocline 
upon reaching the South American coastline, and larger occurrences, such as El Nifio 
1997- 1998, can be directly attributed to this phenomenon. However, studies have shown 
that the Kelvin waves do not stop upon reaching the eastern equatorial Pacific. The 
waves become coastally trapped and continue to propagate to the north and south along 
the American coast (Enfield and Allen 1980; Huyer and Smith, 1985; Chavez, 1996). 
Chavez (1 996) argues that these waves directly affect temperature and salinity along the 
California coast, indicated by "warm, fresh water associated with downwelling and 
northward flow along the coast, elevated sea-surface temperatures, a deepened 
thermocline, and severely decreased surface nutrient concentrations in central California 
(Chavez, 2000)." 
A useful indicator of the state of an ENS0 event is derived from the Southern 
Oscillation Index (SOI). The index is calculated from monthly fluctuations in the air 
pressure difference between the island of Tahiti and Darwin, Australia. Prolonged 
negative values of the SO1 often indicate El Nifio episodes. In association with the 
negative values is a decrease in the strength of the equatorial trade winds, and a western 
suppression of the thermocline causing warm upwelling off the Pacific coast of South 
America. Positive SO1 values are generally associated with La Niiia, El Nifio's extreme 
opposite. The most recent strong El Niiio event occurred in 1997-1998, however a weak 
to moderate prolonged event occurred between 199 1 - 1 995, reaching a maximum in 1992. 
A moderate La Niiia occurred in 1999. This plethora of ENS0 activity between 1990 and 
2000 makes it a particularly interesting decade to study, and the model aids in 
understanding the linkage between the physical and biological processes in the California 
upwelling system. 
Modification of the Forc in~  in the Model 
In order to simulate biological responses to the interannual physical variability in 
the Monterey Bay, the forcing used in the model needed to be modified according to the 
availability of the observations. Specifically, the PAR values fiom M1 were derived 
from raw daily values fiom 1992-2000. A 90-day running mean was applied to the entire 
data set to remove high frequency background noise in order to obtain a more clear 
interannual signal. 
PFEL's live access server (LAS) supplied the upwelling index values for the nine- 
component model's interannual simulations. A daily upwelling index was derived fiom 
wind values for 1990-2000. The values' units were converted from m3 s-' 100 m-' of 
coastline to m d-'in order to coincide with the model input format and units. Similar to 
the treatment of the PAR data set, a 90-day running mean was applied to the upwelling 
index values. 
Because no complete nutrient data set existed for the entire period, interannual 
nutrient concentrations were calculated based upon temperature-nutrient relationships, 
and combined with the MBARI temperature record over an eleven-year period (1 990- 
2000). In order to calculate the temperature below the mixed layer, a cosine function was 
formulated to create the thermocline strength (TS) (Olivieri and Chavez, 2000). The TS, 
the difference between the SST and the temperature at the bottom of the thermocline (set 
at 40m for Monterey Bay modeling purposes), was subtracted from SST to reflect winter 
vertical mixing and summer stratification for temperature below the thermocline. Based 
on O&C's second-order regression, nitrate values were derived from the modified SST 
(Figure 4.1). This nitrate-temperature relationship was based upon samples collected 
from moorings M1 and H3 between 10 and 60 meters from 1989-1 995. Mooring H3, the 
precursor to mooring MI, is located only 3 km north of mooring M1. The data from the 
two moorings are often combined into one continuous set. A third-order regression was 
formulated in order to derive Si(OH)4 from NO3 (Figure 4.1). 
Observed values of upwelling velocity, SST, and regressed NO3 were graphed 
over the eleven-year period in order to determine whether they shared common 
interannual signals, as well as to have a record to which modeled results could be 
compared (Figure 4.2). Temperature and nitrate (silicate was very similar to nitrate) 
depicted the 1997-1 998 El Nifio very well with higher temperature and lower nitrate 
concentration. The interannual signals that nitrate depicted confirmed that the 
regressions used to derive the nutrient concentrations were successful (Figure 4.2~). 
Temperature values increased over the period as warm water was upwelled, replacing the 
usual cold, nutrient rich waters. NO3 also followed the El Nifio pattern with a distinct 
depression during the 1997- 1998 El Nifio event, representing the low nutrient, warm 
water, associated with El Nifio (Figure 4.2b, c). 
Both nitrate and temperature variations during the period, along with upwelling 
velocities (Figure 4.2a), clearly depict the transition of El Nifio 1997-1998 into the 
moderate La NSla of 1999-2000. The observed upwelling velocities agreed with daily 
mean upwelling velocities from a 12-year data set of upwelling indices calculated for 
Monterey Bay (Mason and Bakun, 1986). The calculated results ranged from -1.5 m d-' 
(downwelling) to 5.6 m d-' (upwelling) (Olivieri and Chavez, 2000). The inverse- 
relationship of temperature and nutrient concentrations is represented in Figure 4.2a and 
b, illustrating a significant temperature decrease and nutrient increase as La Niiia 
conditions make for favorable deep, cold, and nutrient rich waters to upwell to the 
surface. Figure 4.2a further supports this behavior, depicting a large peak, corresponding 
to stronger upwelling, in 1999. 
SST Anomaly. SOI. Nutrient Flux. and PAR 
Another method of recording the duration and intensity of ENS0 events is by 
analyzing the sea surface temperature anomalies in the equatorial Pacific. Opposite of 
the SO1 values, positive anomalies represent El Niiio events, while negative ones are 
indicative of La Nifia episodes. Long period and large amplitude episodes indicate 
particularly intense events, such as the El Niiio of 1997-1998 (Figure 4.3). One is also 
able to discern the weak to moderate but prolonged 1991 - 1995 El Niiio (positive, red) 
signal, as well as the weak La Niiia of 1999 (negative, blue). 
Returning to observed SO1 values, the SO1 index correlated very well with the 
SST anomaly (Figure 4.4a). As described earlier, negative values correlate to an El Niiio 
event, while positive values indicate a La Niiia episode. Again, it was very easy to 
distinguish the similar patterns that represent the 199 1 - 1995 and 1997- 1998 El Niiios and 
the 1999 La Nifia. For comparison, nutrient flux anomaly (departure from the mean 
seasonal values of (NO3 + Si(OH)4 )* Upwelling) and PAR anomaly are also depicted in 
the same figure (Figure 4.4b, c). It is worth noting that nutrient flux values are positive 
during La Nifia events and negative during El Nifios. This is derived from the fact that 
La Nifia events in California are characterized by deep, nutrient rich, coastal upwelling 
while El Niiio events, as mentioned earlier, are distinguished by decreasing nutrient flux 
due to diminished upwelling velocities and lower nutrient concentrations in the 
subsurface waters. An interesting observation of the nutrient flux anomaly was that it 
detected the 1999 La Niiia signal almost three times as strongly as both the 1991 - 1995 
and 1997-1 998 El Niiios. This occurrence is most likely attributable to a combination of 
much higher than normal nutrient concentrations and higher than typical upwelling 
velocities during the La Nifia episode. 
PAR anomaly maintained an interesting interannual variation (Figure 4.4~). The 
1997-1 998 signal depicted a strong positive anomaly in the beginning of the event. 
However, the anomaly precipitously dropped to zero in the beginning of 1998, possibly 
attributed to the seasonality of the event. The anomaly also detected the La Nifia signal 
of 1999 with strong negative values associated with much lower than normal light levels. 
PAR values can be quite variable merely due to local weather patterns. However, on a 
much larger, more seasonal scale, ENS0 effects influenced Monterey Bay light levels as 
well. 
Typically Monterey Bay water temperatures are much cooler than the coastal air 
temperature, especially during strong upwelling events associated with La Niiia. The 
temperature difference between the water and air masses result in the formation of fog 
and low lying clouds. The fog and cloud cover, absorb and reflect much of the solar 
radiation that would typically reach the ocean surface. Hence, PAR levels were 
abnormally low during the La Niiia event (Figure 4.5~). The opposite applies to the El 
Niiio events. Because the ocean temperature is warmer due to the lack of upwelling, the 
air-sea temperature difference is reduced during the El Nifio events, and hence the 
atmosphere remains relatively clear. This resulted in higher than normal light levels, or 
positive PAR anomalies during the El Niiio periods (Figure 4.5~). 
Modeled Nitrate Concentration and Small Phvto~lankton 
The modeled NO3 concentration for the eleven-year duration is shown in Figure 
4.5a. The modeled results compare very well with the observed NO3 data (Figure 4.2~). 
The other two panels represent modeled small phytoplankton (Sl) and modeled small 
phytoplankton anomaly (mean seasonal cycle removed) (Figure 4Sb, c). Modeled No3 
capably detected both the 1991 -1 995 (1 992) and the 1997-1 998 El Niiios, as well as the 
1999 La Niiia. As previously mentioned, the El Niiio signal is associated with lower than 
normal nutrient values, while the La Niiia signal is quite the opposite. While both the S1 
and the S1 anomaly show insignificant changes during the weaker 1992 El Niiio, both 
detected the lower than normal conditions in 1997. Indicative of an El Niiio event, the 
low nutrient levels represented the cessation of upwelling. With a lack of upwelling, 
there is no mechanism to deliver nutrient rich, deep water to replace the nutrient 
exhausted surface waters. With a slight time delay, as the remaining nutrients are 
depleted, S 1 and S 1 anomaly precipitously dropped off, following the nutrient 
concentration changes. As the NO3 level began to recover in the following year, S1, 
tightly fitted to nutrient responses, also began to recover very rapidly. This explains why 
the S1 response, for both total concentration and the anomaly, gave the impression of 
leading the nitrate concentration (Figure 4.5). As it moved into La Niiia in 1999, the 
nitrate concentration continued to increase. However, the S 1 biomass had already 
reached its maximum earlier in the season. This can be attributed to an irregular 
supersaturation of available nitrate that leads to self-shading (when a population is so 
dense that the upper phytoplankton prevent the light from reaching the phytoplankton 
lower in the water column), flocculation (organisms and particles form conglomerates 
that more rapidly sink out of the water column), as well as grazing by zooplankton. All 
of these factors could lead to an earlier peak followed by a decline in the small 
phytoplankton population. 
Modeled Silicate Concentration and Diatoms 
The modeled silicon cycle was divided in much the same fashion as the nitrogen 
cycle (Figure 4.6). Modeled Si(OH)4 depicted the El Nifios and La Niiia just as 
effectively. However, modeled diatoms (S2) and modeled S2 anomaly while capable of 
detecting both El Niiios quite well, showed a lack of response during the 1999 La Niila. 
The S2 anomaly is important to depict because it clearly showed the depression in the S2 
population as a result of the decrease in Si(OH)4 concentration. 
While it is uncertain why S2 did not depict the La Niila signal, it is important to 
remember that the S2 population is not only affected by Si(OH)4, but also NO3 and N&. 
The inability for modeled silicate to detect the La Nifia could be due to the fact that the 
diatom population could already be saturated with Si(OH)4 so any additional influx of 
nutrients would show no effects on the diatom biomass. Other Monterey Bay studies 
have shown that while silicate can sometimes be the regulating nutrient, it is actually 
nitrate that plays a dominant role during El Nifio events (Kudula and Chavez, 2000; 
Kudula and Dugdale, 2000). These results hint at the possibility that even during periods 
of low nutrient flux, there still might be enough silicate to allow for diatom growth. 
Primarv Production 
The PP was also calculated for interannual variability (Figure 4.7). While the 
seasonal signal of PP increased during the upwelling season, the only interannual signal 
that could be detected with any significance was the 1992 El Nifio. As expected, this 
signal was represented by a depression in the PP, resulting from low nutrient values 
during that period. The modeled PP curve fit the observed biweekly PP values quite well 
(Figure 4.7). While it remains somewhat unclear why the strong ENS0 signals from 
1997-1 998 or 1999 didn't appear in either the modeled or the observed PP, it is obviously 
linked to earlier discussions on the responses of S1 and S2 to the fluctuating nutrient 
levels as well as light intensity changes during the ENS0 events. 
A study conducted by Kudula and Chavez (2000) showed a slight depression in 
primary productivity at the beginning of the 1992 El Niiio season. However, as the 
season progressed, little difference between the annual rates for 1992 and non-ENS0 
records was observed. Results, similar to the nine-component model diatom results, 
indicated that chlorophyll levels were' also found to be somewhat resistant to the effects 
of El Nifio. The hypothesis presented in Kudula and Chavez's (2000) study for why PP 
and Chl were relatively unaffected was that even with the reduced nutrient supply to 
Monterey Bay, there was still enough to maintain normal levels of biological 
productivity. However, further offshore, away from the upwelling zones, it was proposed 
that productivity levels would plummet drastically. Hence, normal productivity levels 
would only be maintained at the source of upwelling, and productivity would be 
dramatically reduced further away from the upwelling origins. While there have been 
very few papers published on the effects of the 1997-1 998 El Niiio, one could potentially 
assume that similar mechanisms, as proposed by Kudula and Chavez (2000), were at 
work during this period, as well. This thesis work provides the first modeled evidence on 
how nutrients, biological productivity, and chlorophyll responded to the 1997-98 ENS0 
event in the Monterey Bay. 
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Figure 4.1 : Regression curves. (a) Second-order regression of nitrate versus temperature. 
Samples collected at stations H3 and M1 mooring from 1989 to 1995 from depths 10-60 
m (modified from Olivieri and Chavez, 2000). (b) Third-order regression of silicate 
versus nitrate. Samples collected at station M1 mooring from 1989 to 2000 from depths 
0-200 m. 
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Figure 4.2: Observed values of three Monterey Bay parameters. a) Observed upwelling 
values. b) Observed temperature values. c) Temperature regressed nitrate values. The 
interannual silicate signal closely matched that of nitrate. 
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Figure 4.3: Sea surface temperature anomaly (from the eastern equatorial Pacific) is an 
index that is an indicator of the strength of an ENS0 event. Sustained positive values 
(reds) indicate an El Niiio event while negative values (blues) indicate a La Niiia 
occurrence. 
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Figure 4.4: Three El Niiio Southern Oscillation (ENSO) indicator parameters. a) 
Calculated Southern Oscillation Index (SOI) b) Observed nutrient flux anomaly. c) 
Observed PAR anomaly (No PAR data 90-9 1). 
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Figure 4.5: Three nine-component interannual model nitrate cycle values. a) Interannual 
nitrate values estimated by the nine-component model. b) Interannual small 
phytoplankton (S 1 )  values estimated by the nine-component model. c) Interannual small 
phytoplankton anomaly values estimated by the nine-component model. 
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Figure 4.6: Three nine-component interannual model silicate cycle values. a) Interannual 
silicate values estimated by the nine-component model. b) Interannual diatom (S2) values 
estimated by the nine-component model. c) Interannual diatom anomaly values estimated 
by the nine-component model. 
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Figure 4.7: Interannual cycle of primary productivity. Modeled values versus biweekly 
observed values. 
Chapter 5 
CONCLUSIONS 
A nine-component ecosystem, model was developed for the Monterey Bay 
upwelling system. The model was adapted and modified from the previous endeavors of 
Olivieri and Chavez (2000) and Chai et a1 (2002), to address the seasonal cycle and 
interannual variability of nutrient dynamics and phytoplankton productivity in the 
Monterey Bay, California. The nine-component model was forced with observed 
nutrients, upwelling velocity, and surface light values. It was capable of reproducing 
seasonal and interannual variations of nutrient concentrations, phytoplankton and 
zooplankton biomass, as well as primary productivity and grazing rates. 
The seasonal cycle modeling effort was highly successful in creating a general 
model to reproduce nutrients, chlorophyll, and primary productivity with great accuracy 
compared to the long-term climatological data at the MI mooring. By using annual mean 
upwelling velocity and surface light, and comparing results with the "control run" (with 
full seasonal cycle in these forcing), the model results showed that the upwelling velocity 
determines overall nutrient concentrations, while solar radiation controls primary 
productivity and chlorophyll levels. The modeled f-ratio for the seasonal cycle study was 
also quite reasonable, depicting high f-ratio values during the spring and summer 
upwelling seasons, and low values during the winter months when regenerated 
production dominates. 
A series of model sensitivity studies has been conducted by varying one 
parameter at a time. The results of the sensitivity studies are as follows: 
1. The effects of both meso- and microzooplankton grazing were tested by 
varying G2, and Gl,, meso- and microzooplankton grazing rates, in two 
respective studies. The modeled results showed that both parameters are very 
sensitive in controlling the total phytoplankton and zooplankton biomass, as 
well as the production and grazing rates. However, the nutrient 
concentrations are not sensitive to these two grazing parameters. One theory 
that explains the insensitivity is that the Monterey Bay upwelling system is 
saturated with excess nutrients due to the high upwelling supply of nutrient- 
rich water. 
2. The ammonium inhibition parameter, y, is an important factor in determining 
the nitrogen cycle in the nine-component model. It greatly affects primary 
productivity, which is the sum of new and regenerated production, as well as 
microzooplankton population due to the overall reduction of small 
phytoplankton. 
3. Two parameters responsible for controlling diatom population, a (initial slope 
of P-I curve) and KSqOH)4 (half-saturation for silicate uptake), were both 
individually modified in order to test diatom population response to these two 
parameters. Increasing a resulted in a linear increase in the diatom 
population, a linear decrease in nutrients, and an overall increase in primary 
production. Increasing KSqOH)4, however, had the opposite effects by 
decreasing the diatom population, increasing nutrients, and overall decreasing 
the primary productivity of the system . 
Once the seasonal model was refined and understood, eleven years of observed 
physical forcing data was used to drive the nine-component ecosystem model in order to 
address the ecosystem responses to interannual climate variability. The model was capable 
of reproducing lower nutrient concentiations and reductions in phytoplankton biomass and 
productivity during two El Niiio events during the 1990s. The two events were the long 
duration 199 1-95 warm period (with 1992 being the maximum) El NiAo, and a strong 
1997-98 El Niiio. The model also responded to a moderate 1999 La Nifia event with 
higher nutrients, enhanced productivity, and elevated phytoplankton biomass, especially in 
the modeled diatoms. The modeled results compared favorably with the time series 
observations in the Monterey Bay. 
The success of this modeling endeavor was due greatly to the fact that MBARI 
had the insight to establish the time series observations, a wealth of data, almost two 
decades ago. This impressive collection has sparked much interest and research activities 
in studying upwelling dynamics, not only in the Monterey Bay, but also for other 
upwelling systems throughout the world oceans. 
The nine-component ecosystem model was developed by using the Systems 
Thinking in an Experimental Learning Lab with Animation (STELLA), which is a 
hands-on, non-language-programming modeling package. The benefits of using such a 
modeling package include reduced modeling time, more user-friendly design template, 
and most importantly, the introduction of modeling to non-programming scientists and 
the general public. 
Future work could expand the STELLA nine-component model to include more 
components, such as carbon cycle to address air-sea carbon dioxide exchange, thereby 
increasing its complexity. Another enhancement to the nine-component model could 
include adding a depth dimension in order to allow the euphotic-zone-depth to vary with 
time. Lastly, it would be interesting ta apply this nine-component ecosystem model to 
other upwelling regions, such as coastal Peru or the Georges Bank located in the Gulf of 
Maine, in order to test the limitations of this model. Throughout comparison studies 
between different upwelling systems, scientists can continue to improve upon ecosystem 
models in order to gain further understanding of how marine ecosystems may respond to 
future climate change and other pressing global issues. 
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